are not a common choice as precursors for vapor transport synthesis, although dissociation has been observed by mass spectroscopy at temperatures ranging between 930 and 1090 o C. 18 The presence of water vapor can significantly influence their physicochemical properties, such as oxidation and the formation of volatile species. 15, 16 The enhanced volatility of Mo/W, and of their known oxides above 1000 o C, in the presence of water vapor, has already been reported in the early 1950s. 16, 19, 20 Reaction of MoS2 and water vapor was initially reported by Cannon et al. 15 which indicates that MoS2 undergoes quick oxidation above 450 o C. However, a minimum temperature of 1000 o C is required to generate an equilibrium concentration of H2S in the reactive environment relative to the concentration of H2O. 21 In this report, MoX2-WX2 lateral heterostructures were grown using a solid source composed of MoX2 and WX2 powders placed side-by-side within the same boat at high temperatures. The selective growth of each material was controlled independently only by switching the carrier gas, i.e. from N2+H2O (v) to Ar+H2 (5%). N2+H2O (v) promotes the growth of MoX2. Switching to Ar+H2(5%) stops the growth of MoX2 and promotes the growth of WX2. Figure 1a and 1b (left panels) show optical images of a lateral heterostructure containing a core composed of monolayer MoSe2 (darker contrast) and a WSe2 monolayer shell (lighter), both grown on SiO2/Si substrate, containing different shell lateral sizes (Extended data Fig. 1a-1h ). The sizes of both the core and the shell were controlled by choosing the growth time of each individual section. These MoSe2-WSe2 single-junction monolayers predominantly display, an equilateral triangle geometry. Noticeably, the nucleation of the consecutive material (WSe2) happens mainly at the edges of the MoSe2 triangular monolayers resulting in a lateral epitaxial growth, as shown below by the Scanning Transmission Electron
A key step for the fabrication of TMD-based heterostructures is to control the relative amount of precursors in the gaseous phase from the solid sources during a one-pot synthesis strategy. In general, compounds based on MX2 (where: M=[W, Mo] and X= [S, Se]) have high melting points. Therefore, they are not a common choice as precursors for vapor transport synthesis, although dissociation has been observed by mass spectroscopy at temperatures ranging between 930 and 1090 o C. 18 The presence of water vapor can significantly influence their physicochemical properties, such as oxidation and the formation of volatile species. 15, 16 The enhanced volatility of Mo/W, and of their known oxides above 1000 o C, in the presence of water vapor, has already been reported in the early 1950s. 16, 19, 20 Reaction of MoS2 and water vapor was initially reported by Cannon et al. 15 which indicates that MoS2 undergoes quick oxidation above 450 o C. However, a minimum temperature of 1000 o C is required to generate an equilibrium concentration of H2S in the reactive environment relative to the concentration of H2O. 21 In this report, MoX2-WX2 lateral heterostructures were grown using a solid source composed of MoX2 and WX2 powders placed side-by-side within the same boat at high temperatures. The selective growth of each material was controlled independently only by switching the carrier gas, i.e. from N2+H2O (v) to Ar+H2 (5%). N2+H2O (v) promotes the growth of MoX2. Switching to Ar+H2(5%) stops the growth of MoX2 and promotes the growth of WX2. Figure 1a and 1b (left panels) show optical images of a lateral heterostructure containing a core composed of monolayer MoSe2 (darker contrast) and a WSe2 monolayer shell (lighter), both grown on SiO2/Si substrate, containing different shell lateral sizes (Extended data Fig. 1a-1h ). The sizes of both the core and the shell were controlled by choosing the growth time of each individual section. These MoSe2-WSe2 single-junction monolayers predominantly display, an equilateral triangle geometry. Noticeably, the nucleation of the consecutive material (WSe2) happens mainly at the edges of the MoSe2 triangular monolayers resulting in a lateral epitaxial growth, as shown below by the Scanning Transmission Electron Microscopy (STEM) analysis.
In general, the typical sample area is at least 5 x 5 mm 2 but hundreds of similar monolayer lateral heterostructures can be found on the same substrate. The average size of the heterostructure islands varies with their position on the substrate due to the temperature profile of the furnace (Fig. 1l) ; and hence is a function of the substrate temperature for a particular growth condition (Extended data Fig. 1i ). The most important outcome of our method is the ability to sequentially grow multiple lateral hetero-junctions in a single monolayer island by merely switching back and forth the carrier gas, under optimized conditions. This new approach simplifies considerably the synthesis of periodic lateral heterostructures composed of TMDs or of any other layered materials. Figure 1c shows an optical image of three-junction lateral heterostructures consisting of alternate monolayers of MoSe2 (dark) and WSe2 (light) [i.e. MoSe2-WSe2-MoSe2-WSe2] with thicknesses of 42-11-10-11 µm, obtained under growth times of 720-60-240-60 s, respectively. Figure 1d shows a magnified image of the area enclosed by the white dashed box in Fig.1c .
The outer WSe2 edge extends up to a length of 285 µm, which is the longest ever reported value on any seamless monolayer heterostructure. 14 By increasing the number of gas-switching cycles, one can synthesize more complex periodic lateral heterojunctions, as shown in the Fig. 1e-g . . h, and i, Raman and photoluminescence (PL) spectra, respectively, at positions 1, 2, 3 and 4 in (d). e, f, Optical images of five-junction heterostructures with different widths for the MoSe2 stripes. g, Seven-junction heterostructure with variable widths for both the MoSe2 and the WSe2 domains. The underlying color bar (in e,f,g) depicts the growth time scale, i.e. from left to right (pink -MoSe2, green -WSe2)-each division (black lines) corresponds to ~ 120 s. j, k, PL intensity and peak position mapping, respectively, for the heterostructure in (e). l, Furnace temperature profile, regions I, II, III, IV and V correlates with the data points in (m and n). m, n, Growth rates along different directions for WSe2 and MoSe2 islands, respectively. Scale bars, 10 m.
The five-junction lateral heterostructures shown in Figs. 1e and 1f, differ in the width of the MoSe2 stripes; this was achieved simply by reducing the growth time of the MoSe2 stripes from 120 sec (Fig. 1e) to 60 sec (Fig. 1f) , Figure 1g shows a seven-junctions heterostructure with controlled variable lateral width for each section of a given material. In this case, the lateral growth remains conformal even when new "facets" emerge at the different stages of the growth. Figure 1m illustrates the growth rates for MoSe2 and WSe2 monolayers, respectively, as a function of the growth temperature (or different substrate positions within the temperature profile of the furnace (Fig. 1l) . It indicates that the growth rate for WSe2 is two-tofour times larger than the one for the MoSe2 monolayer.
Raman and micro-photoluminescence spectroscopies were used to probe the local optical properties as well as the spatial chemical distribution of the heterostructures. Figure 1h shows Raman spectra collected from different points on the heterostructure (marked as 1, 2, 3 and 4 in Fig. 1d ). We detect two dominant peaks at 240 cm -1 (points 1,3) and 250 cm -1 (points 2,4) which are characteristic of monolayer MoSe2 and WSe2, respectively. 11 The peak at 240 cm -1 corresponds to the A1g phonon mode of monolayer MoSe2, whereas the additional shoulder at 249 cm -1 (points 1,3) has been assigned to the E2g 2 shear mode of MoSe2 at the M point of the Brillouin zone (Extended data Fig. E2a-c) . 22 In contrast, in regions 2 and 4 the highest peak is observed at 250 cm -1 , which matches the A1g mode of monolayer WSe2.The peak at 260 cm -1 is attributable to the second-order Raman mode of the LA(M) (130 cm −1 ) phonons. The spatial distribution of the MoSe2 and WSe2 domains was further investigated through Raman intensity maps at 240 cm −1 and 250 cm −1 , respectively (Fig. 1a, right panel) . The triangular outer shell (light pink) exhibits a uniform distribution of the WSe2 Raman signal while the triangular core exhibits the characteristic MoSe2 Raman signal (Fig. 1a) . The Raman peak position map (Fig. 1b , right panel) also corroborates this chemical distribution (detailed in Extended data Fig. E2c-2l ).
The PL spectra (Fig. 1i ) acquired from points 1-4 correlate well with the chemical distribution obtained by the Raman spectroscopy. At positions 1 and 3, only a strong peak is observed around 1.52 eV associated to the emission from a direct exciton in monolayer MoSe2. Whereas at points 2 and 4 the PL peak is centered around 1.6 eV which corresponds to the excitonic transition in monolayer WSe2. 11 The integrated PL intensity (Fig. 1j ) and the peak position maps (Fig. 1g) Figure 2c shows the normalized PL spectra at different positions along a line spanning three-junctions within the heterostructure (see inset), i.e. from the MoSe2 core (top) towards the outer WSe2 shell. The contour plot of the normalized PL intensity (Fig. 2d) as a function of the position across the heterostructure, clearly shows the evolution of the excitonic transition from one material to the other. Across the 1 st junction (top), the MoSe2 PL peak (at 1.53 eV) gradually shifts to higher energies until it reaches the 1.60 eV value corresponding to the WSe2 domain, for a total shift of 70 meV. On the other hand, at the 2 nd and 3 rd junctions, there is an abrupt change in the PL peak position; this abrupt evolution of the distinct peaks for MoSe2 (1.53 eV) and WSe2 (1.60 eV) clearly indicates the formation of sharp interfaces between these regions. At the abrupt interfaces, the PL spectrum is characterized by an overlap of both peaks, owing to the 500 nm laser spot size, which simultaneously probe both sides of the interface.
Although, junctions 2 and 3 are very sharp, it is worth noticing that junction 3 is slightly smoother than junction 2. We have consistently observed this behavior in all samples. For instance, a contour plot of a five-junction lateral monolayer heterostructure (Fig. 2e) shows similar band alignment with very sharp interfaces (at junctions 2 and 4), while junctions 3 and 5 are slightly smoother. These results indicate that a transition from a MoSe2 to a WSe2 domain results in a slightly diffuse interface, whereas the transition from WSe2 to MoSe2 produces atomically sharp interfaces, as confirmed by atomic resolution STEM images.
The crystallographic structure of the heterostructures and the quality of the junctions were investigated through electron diffraction (ED) and atomic resolution high-angle annular dark-field (HAADF) imaging (Z-contrast) in an aberration-corrected STEM. The thinnest two-dimensional sheets of MX2 display the 2H-phase with the hexagonal D3h point group symmetry. Since in our TEM studies, the electron probe was oriented along the direction perpendicular to the plane of the films, the atomic-resolution Z-contrast images consist of a honeycomb-like atomic arrangement, which is expected for MoSe2 ( We used the same methodology to control the growth of sequential lateral heterostructure of sulfide (MoS2 and WS2) monolayers (Extended Figure E4 ). Figure 3a shows the optical image of an alternating three-junction heterostructure (MoS2-WS2-MoS2-WS2), each section was grown (starting with MoS2) for 12-2-4-1.5 minutes, respectively; thereby alternating the carrier gas between N2+H2O and Ar+H2 during the synthesis. The corresponding SEM image of its right-top corner is shown in Fig. 3b . Remarkably, the lateral width of an individual layer within a sequential heterostructure can also be modulated in a manner similar to the previously demonstrated case of the MoSe2-WSe2 based heterostructures (more information in Extended Data Fig. E4a-d) . However, the morphology of the sulfide-based heterostructures is different from the conformal growth of selenides-based heterostructures. For sulfides, the observed MoS2 cores formed truncate triangles presenting both metal and chalcogen-terminated zigzag edges. The subsequent growth of WS2 happened selectively in one of these edges, leading to WS2 sections with a convex isosceles trapezoid shape. The successive MoS2 growth follows the same behavior. respectively, which are consistent with monolayer MoS2. At point 3 (MoS2 domain), the E2g mode slightly red shifts by 2 cm -1 , whereas the A1g mode remains unchanged. This may be attributed to the softening of the in-plane modes as the result of a small alloying in these regions when transitioning from WS2 to MoS2.
In contrast, the Raman spectra acquired from points 2, and 4 contain a combination of first-order optical modes (E 1 2g at 355 cm -1 and A1g at 418 cm -1 ) as well as second-order Raman peaks associated with WS2.
The most intense peak at 350 cm -1 (2LA(M)) is the result of a double resonance Raman process characteristic of monolayer WS2. 23 At the interfaces (1-2, 2-3 and 3-4), the Raman spectra is mostly composed of a superposition of the vibrational modes of the MoS2 and the WS2 domains (Supporting information (Fig. 3g) and at 1.97 eV (Fig.   3h ) and the composite map (Fig. 3i ) are also consistent with emissions from homogeneous monolayers of each material composing the heterostructure. The single-crystalline nature of the islands in the heterostructure was also verified by electron diffraction measurements (Fig. 3j) . Z-contrast images from the inner regions of each domain (Figs. 4l and 4m) , confirm the high-purity of both compounds. The high quality and the seamless nature of these interfaces produced by lateral epitaxy was also verified by Z-contrast STEM imaging (Figs. 3k to 3o ).
To date, only single-junction heterostructures based on pure TMDs have been reported. However, it is important to develop procedures to make heterostructures containing TMD alloys with sharp band-gap discontinuities at their interfaces, this will expand our ability to engineer a wide range of 2D devices. With this objective, we extended the methodology described in the previous sections, to grow multi-junction heterostructures based on ternary alloys (MoS2(1-x)Se2x -WS2(1-x)Se2x). To this effect, we used solid sources containing different metal and chalcogen atoms (e.g. MoSe2 and WS2 or MoS2 and WSe2). Prior studies indicate that the internal energy of mixing, for nearly all configurations of MoS2(1-x)Se2x or WS2(1-x)Se2x alloys.
is negative and hence the alloys are energetically favored over the binary segregates. 24, 25 Figures 4a and 4b show the optical image and the composite PL map, respectively, of a threejunction lateral heterostructure composed of monolayered alloys (MoS2(1-x)Se2x -WS2(1-x)Se2x -MoS2(1-x)Se2x -WS2(1-x)Se2x), These were grown in a sequence of 12-0.3-3-0.7 min; via a similar carrier gas switching procedure using a mixture of MoS2 and WSe2 as the solid source. The sequential morphology observed in this case is close to conformal, indicating that the growth rate for each material in the heterostructure is isotropic (Extended data Fig. E6a) . The morphology contrasts with the convex isosceles trapezoid observed for the pure sulfur-based heterostructures, and suggests that the Se/S ratio could affect the kinetics of the growth along the different crystallographic directions and determine the shape of the islands. The composite PL map shown in Fig. 4b for emissions at 1.61 and 1.71 eV across the entire triangular domain indicates a well-defined contrast between the MoS2(1-x)Se2x and the WS2(1-x)Se2x domains (Fig. 4a) . Detailed PL spectra recorded from points 1 through 4 as well as from a line scan across the three-junctions is shown in Extended data Fig. E6 .
By changing the solid sources to a mixture of MoSe2 and WS2, one can obtain a similar threejunction heterostructure, see Fig.4c , with different chalcogen (S/Se) compositions (Extended data Fig. E7 ).
The corresponding composite PL map at 1.67 eV and at 1.8 eV is shown in Fig. 4d , and clearly reveals the presence of a sequence of alloyed domains in the heterostructure (detailed analysis in Extended data Fig.   E8 ). The contour plot of the normalized PL intensity acquired along a line perpendicular to the interfaces is shown in Fig. 4e Fig. 4a is calculated to be MoS0.64Se1.36 (x=0.68) and WS0.68Se1.32 (x=0.66). Similarly, for the heterostructure shown in Fig. 4c, we obtained MoS1.04Se0.96 (x=0.48) and WS1.08Se0.92 (x=0.46). Noteworthy that a complete miscibility of (S, Se) was achieved for these individual MoSe2(1−x)S2x and WS2(1-x)Se2x domains. This is in agreement with the fact that the alloys tend to maximize the number of dissimilar atom pairs (S−Se) by minimizing the neighboring sites having (Se-Se) or (S-S) atoms in order to achieve the lowest energy configuration (Fig.4g) . 24 The optoelectronic response of the heterostructures was further evaluated by exciting with a 532 nm laser.
A considerable photocurrent is measured under laser illumination (Figs. 4m, n) . The obtained photoresponsivities for WSe2-MoSe2 and WS2-MoS2 were 144 mAW -1 (Vds = 3V) and 34 mAW -1 (Vds= 4V), respectively. The photoresponsivity was evaluated by subtracting the dark current. Further investigation is the scope of our future work. . f, Optical image of a three-junction MoSe2-WSe2 monolayer lateral heterostructure corresponding to Fig. 2c (in-set) . g, Raman peak position mapping between 236-255 cm -1 spectral ranges; and h, composite PL intensity mapping at 1.53 eV (MoSe2 domain) and 1.6 eV (WSe2 domain). Scale bars (f-h), 10 µm. Figure E4 . Growth of multi-junction MoS2-WS2 lateral heterostructure. a-d, Optical images of MoS2 -WS2 monolayer lateral heterostructure of different; a, single-junction, b, two-junction, c, three-junction, d, five-junction and e, typical low magnification optical image corresponding to (d). f, SEM images of three-junction MoS2-WS2 lateral heterostructures, (corresponding to optical image in (c)) and g, SEM image a three-junction single island (Fig. 3b) . h, Typical PL spectra from MoS2 and WS2 domains corresponding to the three-junction heterostructure in (g). The strong PL/Raman (A1g) (> 300 times) indicates the monolayer nature as well as high optical quality of the as grown heterostructure. Figure E6 . Growth of three-junction MoS0.64Se1.36 -WSe1.32S.68 lateral alloy heterostructure. a, Optical image of a three-junction MoS2(1-x)Se2x -WSe2xS2(1-x) monolayer lateral heterostructure, and b, the corresponding low magnification optical image. c, d, Raman and PL spectra, respectively, corresponding to optical image in (a) and between points 1 through 4; and e, normalized PL contour color plot along the direction perpendicular to the interfaces as shown in the in-set optical image. The PL intensity maps at f, 1.61 eV (MoS0.64Se1.36 domain) and h, 1.71 eV (WSe1.32S.68 domain) corresponding to optical image in Fig. 4a . Raman intensity maps (Fig. 4a) at frequency c, 400. Figure E8 . Optical properties of multi-junction MoSe0.96S1.04-WSe0.92S1.08 lateral heterostructure. a, SEM image of a three-junction MoS2(1-x)S2x -WS2(1-x)Se2x monolayer lateral heterostructure. Scale bar, 2 µm. b, c, Raman and PL spectra, respectively, between points 1 through 4; and interfaces. d, Normalized PL spectra from a line scan along three-junction as indicated in the inset in Fig. 4e . Raman intensity map corresponding to optical image in Fig. 4c , at frequency e, 412 cm -1 (A1g(S-W) modes); f, 402 cm −1 (A1g(S-Mo) mode), g, 354 cm −1 (E2g(S-W) modes); and h, Raman position mapping between 399-417 cm −1 . There exist a thin line of MoS2(1-y)S2y between WS2(1-y)Se2y strip along the vertex direction which could not be resolved during the Raman Mapping. PL intensity map, corresponding to optical image in Figure 4c , at i, 1.67 eV (MoSe0.96 S1.04 domain) and j, 1.8 eV (WSe0.92S1.08 domain). Scale bars (e-j), 10 µm. (MoX2 and WX2) . a, Raman spectral evolution of MoO2 oxide phase from both MoSe2 and MoS2 solid sources upon reaction with a constant flow of N2+ H2O vapor for more than 20 min at 1060 o C (Supporting information Table 2 ). A direct visualization can be gained from the observed change in color of the source precursor at different condition; c, bulk powder of MoSe2; d, Ar+H2 (5%) through H2O (200 sccm); e,N2 through H2O (200 sccm)-the chocolate brown refers to MoO2 phase, and f, shining surface indicating the presence of metal Mo reduced from MoX2 along with MoO2 phase. b, Raman spectral evolution of different oxide phases of WX2 (optical image in g) upon reaction with different reactive gas environment for more than 20 min at 1060 o C as follows. Case 1) Only Ar+H2 (5%) through H2O (200 sccm): the Raman spectra is composed of WSe2, most likely a Se deficient surface as well as a mixture of complex oxide phases as indicated by the broad peak around 800 cm -1 , the optical image in (h). Case 2) First partially oxidized by N2 + H2O (5 min) followed by Ar+H2 (5%) through H2O (200 sccm) for 10 min. The dominating phase observed in the Raman spectra is WO2. Case 3) Completely oxidized by N2 + H2O flow for 20 min. The dominating phase observed in the Raman spectra is W20O58. The optical images further confirmed the presence of different oxide phases in the source precursor; i, chocolate brown -WO2 phase, and j, blue-violet indicating the presence of W20O58 phase; inset in j, the high magnification image (left panel) and the materials in alumina boat (Detailed in Supporting information Table 2 ). 
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